Spontaneous eyeblink rates vary greatly between people, from several to a few dozen blinks per 2 minute. Nevertheless, it remains unknown which brain region controls generation of spontaneous 3 eyeblinks. To investigate this issue, the present study examined brain anatomy, which reflects inter-4 individual variability in eyeblink rate using structural magnetic resonance images with voxel-based 5 morphometry (VBM) in 57 participants. The gray matter volume of the right angular gyrus (rAG) 6 was positively associated with an increased eyeblink rate. Next, we examined whether eyeblink rate 7 decreased when activity in the rAG was disrupted by transcranial magnetic stimulation (TMS) with a 8 protocol of continuous theta burst stimulation: TMS of the rAG decreased eyeblink rate by 16 %. In 9 contrast, sham stimulation did not significantly affect eyeblink rate. The results from the structural 10 MRI and TMS experiments suggest that the rAG is involved in controlling the generation of 11 spontaneous eyeblinks in humans. 
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1 Abstract 1 Spontaneous eyeblink rates vary greatly between people, from several to a few dozen blinks per 2 minute. Nevertheless, it remains unknown which brain region controls generation of spontaneous 3 eyeblinks. To investigate this issue, the present study examined brain anatomy, which reflects inter-4 individual variability in eyeblink rate using structural magnetic resonance images with voxel-based 5 morphometry (VBM) in 57 participants. The gray matter volume of the right angular gyrus (rAG) 6 was positively associated with an increased eyeblink rate. Next, we examined whether eyeblink rate 7 decreased when activity in the rAG was disrupted by transcranial magnetic stimulation (TMS) with a 8 protocol of continuous theta burst stimulation: TMS of the rAG decreased eyeblink rate by 16 %. In 9 contrast, sham stimulation did not significantly affect eyeblink rate. The results from the structural 10 MRI and TMS experiments suggest that the rAG is involved in controlling the generation of 11 spontaneous eyeblinks in humans. 12 
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To generate an eyeblink voluntarily, the cerebral motor areas including frontal eye field 1 (FEF) and cingulate motor area send commands for motor initiation to the basal ganglia ( any activation related to spontaneous eyeblinks. In contrast, our previous investigations demonstrate 4 that a distributed cortical area including the default-mode network and hippocampus show activation 5 related to spontaneous eyeblinks while viewing a video (Nakano, 2015; Nakano, Kato, Morito, Itoi, 6 & Kitazawa, 2013). A previous clinical case study consistently reported that a patient with a lesion 7 of the angular gyrus (AG), a major component of the default-mode network, seldom generates 8 eyeblink spontaneously (Watson & Rapcsak, 1989) . In addition, micro-electronic stimulation of the 9 macaque homologue of the AG induced eyeblinks in monkeys (Shibutani, Sakata, & Hyvarinen, 10 1984) . Thus, we speculate that some of these cortical regions are involved in the generation of 11 spontaneous eyeblinks and are responsible for the inter-individual variability in blink rate. Thus, we 12 speculate that some of these cortical regions are involved in the generation of spontaneous eyeblinks 13 and are responsible for the inter-individual variability in blink rate. 14 To test this hypothesis, the present study first examined which brain regions correlated 15 with individual variability in the rate of spontaneous eyeblink by using voxel-based morphometry 16 (VBM) in 57 healthy participants. Next, we investigated a causal relationship between spontaneous 17 eyeblink rate and the brain region identified by VBM: spontaneous eyeblink rate by disrupting 18 neural activity in this region using transcranial magnetic stimulation (TMS) with a protocol of 19 continuous theta burst stimulation (cTBS 
T1-weighted anatomical images in this study. The sample size number matched the estimation of 1 sample size (n=55) calculated using a strict power level of 0.99, an error probability of 0.05, and an 2 anticipated correlation value of 0.5. All participants provided written informed consent for 3 participation. The present study was approved by the ethics committee of Graduate School of 4
Frontiers and Biosciences, Osaka University. The study was also conducted in accordance with the 5
Declaration of Helsinki. Participants were informed that their eye movements would be measured while watching the video. 12
They were not told that their blinking was being measured. Eyeblink behavior of 42 participants was 13 monitored using a near-infrared eye-tracking system (NAC Image Technology, Japan) with a 14 sampling rate of 240 Hz. Using a procedure developed in previous eyeblink studies in our 15 laboratory, each eyeblink was detected automatically according to the combination of a rapid 16 decrease in pupil size followed by an increase within 400 ms (Nakano, et al., 2013) . Eyeblink 17 behavior of an additional 15 participants was monitored using a vertical electro-oculogram (EOGs) 18 systems (BIOPAC150, USA) with a sampling rate of 1,000 Hz, in which two active surface 19 electrodes were attached to the skin above and below the left eye, with the reference electrode on 20 the left ear lobe. Each eyeblink was detected based on the same analysis techniques used in our 21 previous studies by the combination of a rapid decrease in subjects' EOG signals followed within 22 400 ms by an increase (Nakano, et al., 2009 ). Because blinking is obvious behavior involving a 23 salient and distinguishable change in both pupil diameter and EOG signals, the blink rates obtained 24 from two different measurements were combined in the present study. MATLAB R2015a (MathWorks, USA). First, the brain images were automatically reoriented to AC-5 PC line, and segmented into gray matter, white matter and cerebrospinal fluid. Next, a customized 6 template was created based on the gray matter segmentations using a diffeomorphic anatomical 7 registration method known as DARTEL (Ashburner, 2007) . Based on the parameters calculated by 8 DARTEL, all gray matter images were normalized to the standard stereotactic space defined by the 9
Montreal Neurological Institute (MNI). The normalized images were resampled to a resolution of 10 1.5 x 1.5 x 1.5 mm and smoothed using 8 mm full-width-at-half-maximum isotropic Gaussian 11 kernels to compensate for anatomical variability among participants. 12
To identify the brain regions associated with spontaneous eyeblink rate, a multiple 13 regression analysis using eyeblink rate as the effect-of-interest independent variable was performed 14 with analysis of covariance (ANCOVA) global normalization controlling for total brain volume. 15
Voxels were considered as significant at the cluster threshold of p < 0.05 (minimum cluster size = 16 237 voxels), corrected for multiple comparisons using AlphaSim in AFNI (NIMH, USA), with an 17 uncorrected height threshold of p < 0.001. four 7-min video clips were prepared, with the order of presentation counterbalanced across 8 participants. Eyeblink behavior was monitored using an EOGs system (BIOPAC150, USA) with a 9 sampling rate of 1,000 Hz, in which two active surface electrodes were attached to the skin, above 10 and below the left eye, and with the reference electrode on the left ear lobe. Each eyeblink was 11 detected by the same method as employed in the VBM study. For a stable behavioral index, the 12 eyeblink rate was calculated from the last 5 minutes of data for each trial. 
The mean eyeblink rate across participants while viewing the video was 20. Next, we examined whether disruption of the rAG using TMS decreased the spontaneous 18 eyeblink rate while viewing the video. In the actual TMS condition, the mean eyeblink rate was 22. 
8). 22
Since the variance of eyeblink rate was large among participants, change in eyeblink rate was 23 normalized by calculating an eyeblink ratio of the post-session relative to the pre-session for each 24 participant. The relative eyeblink ratio in the actual TMS condition was significantly lower than that on the motor cortex using cTBS revealed that individual variation of the cTBS effect is strongly 19 influenced by which neuronal network are recruited (Hamada et al., 2013) . Although the present 20 study decided the location of the stimulation site using 3D navigation system, we could not specify 21 an actual brain site stimulated by the TMS in each participant. We therefore assume that the 22 individual variance of stimulation site and cortical formation might inhibit neuronal network 23 differently, which produced the inter-individual variation of the TMS effect in the present study. 24
The present study shows, using VBM analysis, that gray matter volume in the rAG correlates 1 positively with spontaneous eyeblink rate. Furthermore, the disruption of rAG activity by TMS 2 decreased the spontaneous eyeblink rate. The combined results of the VBM and TMS experiments 3 suggest that the rAG is involved in controlling the generation of spontaneous eyeblink. In line with 4 the present findings, several previous studies report a relationship between the AG and spontaneous 5 blinking. A patient with Balint's syndrome caused by bilateral lesion of the AG generated 6 spontaneous eyeblink of less than one blink per minute. Nevertheless, the patient could blink 7 voluntarily and exhibited a reflex blink to sounds. (Watson & Rapcsak, 1989) . Thus, the AG lesion 8 produced a loss of spontaneous eyeblinks specifically. An electro-physiological study in monkeys 9 also reported that microstimulation of the lateral part of area 7a, the macaque homologue of the AG, 10 induced eyeblinks, but not saccades (Shibutani, Sakata, & Hyvarinen, 1984) . Furthermore, the AG 11 showed activation associated with spontaneous eyeblinks but not with voluntary eyeblinks (Nakano, 12 et al., 2013) . Collectively, these findings indicate that the rAG is involved in generating spontaneous 13 eyeblinks, and the functional and structural variability of this region produces the large inter-and 14 intra-individual variability in the spontaneous eyeblink rate. 15
We would like to note that the impact of TMS intervention on blink rate was not associated 16 with the gray matter volume of the rAG against the VBM results, which showed a correlation of it 17 with blink rate. This discrepancy can be explained by two possibilities. First, the individual variance 18 of stimulation site and cortical formation might have larger effect on TMS intervention than the 19 individual difference of gray matter volume. Second, the interpersonal difference of anatomical trait 20 works on blink generation in different way with the intrapersonal state change. In either cases, the 21 important thing is that the multiple approaches consistently revealed an association of the rAG with 22 spontaneous blink rate. 23
The AG participates in multiple functions such as language processing, number 24 processing, default mode network, memory retrieval, attention and spatial cognition, and social 25 cognition (Seghier, 2013 ). An anatomical study reveals that the anterior part of the rAG is active in 26 the ventral attention network for orienting toward external stimuli, whereas a posterior part is active 27 M A N U S C R I P T
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10 in the default mode network (Mars et al., 2012) . In the present study, the posterior part of the rAG 1 shows a positive association with spontaneous eyeblink rate. Consistent with this finding, our 2 previous fMRI study shows posterior rAG of the default-mode network shows activation related to 3 the spontaneous eyeblink (Nakano, et al., 2013) . On the other hand, both the dorsal and ventral 4 attentional networks involved in directing attention to external stimuli shows deactivation during 5 spontaneous eyeblinks (Nakano, 2015; Nakano, et al., 2013) . This result agrees with findings that 6 eyeblinks specifically occur at breakpoints of attention such as at pauses in speech or at implicit 7 breakpoints of a video story (Nakano & Kitazawa, 2010; Nakano, et al., 2009 ). Thus, the present 8 results suggest that the posterior rAG is actively involved in generating eyeblink for attentional 9 disengagement, thereby interrupting ongoing activity in the dorsal and ventral attention networks. 10
The spontaneous eyeblink rate in primates is approximately half of that of humans, and the 11 social group size of primate correlates positively with the blink rate (Tada, Omori, Hirokawa, Ohira, Number of Participants
